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CoNi nanotubes were prepared in pores of anodic aluminum oxide templates via a dc electrodeposition
method. The dependence of product morphology on the applied potential was studied over the range
−1.0 to −2.5 V. The results showed that a critical potential related to the electrodeposition parameters
exists, below which the deposited product was almost entirely in the form of nanotubes, whereas above
which, nanowires are formed. Magnetic measurements showed hysteresis loops of the nanotubes are
discontinuous. Theoretical analysis suggested the existence of some peculiar magnetization conﬁgura-
tion such as vertical Bloch line which was responsible for the discontinuity of the hysteresis loops.
& 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
Ordered arrays of magnetic nanotubes are of great interest due
to both their fundamental properties and potential applications.
Magnetic nanotubes are particularly important due to possible
applications in high density recording media [1,2], where they
have advantages over nonmagnetic nanotubes because they can be
driven to the point of interest by means of externally applied
magnetic ﬁelds [3]. In this regard, template-based electrochemical
deposition is a preferred approach for the preparation of magnetic
nanotubes due to its simplicity, cost-effectiveness, and precise
control over the length, diameter, and composition of the nano-
tubes [4–6]. Various magnetic metal nanotubes have been fabri-
cated using anodic aluminum oxide (AAO) template-based
electrochemical deposition [7–10], but few reports on CoNi nano-
tubes are available. Although intensive research has been devoted
to understanding the magnetic properties of various ferromag-
netic nanotubes in terms of coercivity and remanence, to date,
research on the shape of hysteresis loops related to the magneti-
zation conﬁguration in ferromagnetic nanotubes has been almost
neglected. So, in this paper, we ﬁrst describe the fabrication of
CoNi nanotubes. It was found that a critical potential (vc) existed
for obtaining nanotube, and that the vc varied with the electro-
deposition parameters in a given system. Magnetic property of the
CoNi nanotubes was then discussed. To my interest, the hysteresisr B.V.
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Open access under CC BY licensloops of the CoNi nanotubes are discontinuous. The possible
reason for it was given in the following sections. This work will
beneﬁt the understanding of the growth mechanism and magne-
tization reversal of ferromagnetic nanotubes.2. Experimental section
We fabricated anodic oxide templates as follows: a high-purity
(99.999%) aluminum (Al) foil was thermally treated in an argon
atmosphere at 400 1C for 2 h and then brought to room temperature.
Next, the heat-treated Al foil was electropolished in a mixed solution
of alcohol and perchloric acid (ratio by volume 4:1) for 5 min to
smooth the surface. To obtain highly ordered pores, a two-step
anodization was used. In the ﬁrst step, the Al foil was anodized at
5 1C and 50 V dc in 0.3 M oxalic acid for about 8 h. The resulting
aluminum oxide layer was then removed by immersing the anodized
Al in a mixed solution of 0.4 M chromic acid and 0.6 M phosphoric
acid (ratio by volume 1:1) at room temperature. Subsequently, the
samples were reanodized under the same anodization conditions as
in the ﬁrst step. This resulted in the formation of AAO nanopores
with diameters of 50 nm. After the second anodization, the remain-
ing Al was removed using saturated calcium chloride. The AAO were
then etched in a 0.6 M phosphoric acid solution to remove the
continuous barrier layer present at the bottom of each nanopore and
enlarge the nanopore diameters. Finally, an AAO with a thickness
about 70 um and diameters about 70 nm was obtained. Such AAO
templates were used as described below, to fabricate CoNi nanotubes
by electrochemical deposition.
A thickness Cu conductive layer was sputtered onto one side of
the AAO template to provide an electrical contact. Electrodeposi-
tion was performed in a three-electrode cell under constante.
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layer served as the working electrode. A saturated calomel
electrode (SCE) was used as the reference, and a graphite pole
was used as the counter electrode. The electrolyte used to prepare
CoNi nanotubes was prepared from reagent grade chemicals
and deionized water. It consisted of 0.1 M CoSO4d7H2O, 0.05 M
NiSO4d6H2O and 0.1 M H3BO3. The pH of the electrolyte was 2.5.
The electrodeposition was carried out for 20 min, at room tem-
perature (25 1C) with different dc voltages ranging from −1.0 to
−2.5 V. As a result, the nanostructures with a length about 6 μm
were obtained.
The morphology of the nanostructures was characterized by using
a ﬁeld-emission scanning electron microscope (SEM, Hitachi S-4800).
The crystallographic structure was examined using an x-ray diffract-
ometer (XRD) with Cu Kα radiation. The atomic components in
the chemical compositionwere conﬁrmed by x-ray energy dispersive
spectroscopy (EDS). The magnetic properties were measured at
room temperature using a physical properties measurement system
(PPMS-6700) with the magnetic ﬁeld parallel and perpendicular
to the nanostructures. The samples used in measurement were all
embedded in the AAO.3. Results and discussion
Fig. 1 shows the SEM images of an AAO template before and
after sputtering the Cu layer. We can see from Fig. 1a that the AAO
has an average diameter about 70 nm. To serve efﬁciently as a
cathode, a Cu layer was ﬁrst sputtered on one side of the AAO. The
sputtering power and time were 2 kW and 20 min, respectively. ItFig. 1. SEM images of AAO: (a) positive side an
Fig. 2. (a) XRD patterns of typically CoNi nanowires and nanotubes acan be seen from Fig. 1b that almost all the AAO pores were
covered with Cu. Our CoNi nanotubes and nanowires were
fabricated using such an AAO template coated with Cu. However,
it is inconsistent with the results reported by Fu et al. [11] that the
electrodeposition product consisted of only nanowires when using
an AAO template with its pores blocked. This may be attributed to
the difference of the electrodeposition parameters.
Fig. 2a shows the XRD patterns of CoNi nanowires and
nanotubes formed with applied potentials of −2.0 V and −1.25 V,
respectively. The ﬁgure shows that the nanowires and nanotubes
are all hcp structures Co0.75Ni0.25 (PDF01-071-7353). The EDS
spectrum of the typical as-prepared nanostructure is given in
Fig. 2b. The spectrum indicates that the nanowires and nanotubes
indeed consist of Co and Ni. The results demonstrated that CoNi
nanostructures were successfully fabricated.
SEM images of the CoNi nanostructures are shown in Fig. 3a–e.
The images demonstrate that our CoNi nanotubes have a large
aspect ratio. The wall width of CoNi nanotubes is approximately in
a scale range from 15 nm to 18 nm. The SEM images also
demonstrate that either nanowires or nanotubes can be success-
fully deposited by adjusting the deposition potential between
−1.0 V and −2.5 V. The ﬁgures indicate that a critical potential,
vc≈−1.5 V, exists in range from −1.0 to −2.5 V. The deposit is in the
form of a nanotube when v≤vc. Otherwise, when v4vc, nanowires
are deposited. We also found in our experiment that vc may vary
with the electrodeposition parameters (such as temperature,
concentration and constituent) in a given system. The meaning
of the vc needs further investigation.
The magnetic properties of CoNi nanostructures were studied
at room temperature using a PPMS with the magnetic ﬁeldsd (b) backside with Cu sputtering 20 min.
nd (b) EDS spectrum of the typically as-prepared nanostructure.
Fig. 3. SEM images of CoNi nanostructures: (a) and (b) nanowires with applied potential −1.0 V and −1.25 V, respectively; (c)–(e) nanotubes with applied potential −1.5 V,
−2.0 V and −2.5 V, respectively.
Fig. 4. Hysteresis loops of CoNi nanostructures with applied potential: (a) −1.25 V and (b) −2.0 V respectively, measured at room temperature, (c) and (d) the partial
ampliﬁcation of (a) and (b) with the applied ﬁeld perpendicular to the nanostructures. Insert: the ampliﬁcation of (d) at interval from 1500 Oe to 1800 Oe.
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nanostructures. Hysteresis loops for CoNi nanowires and nano-
tubes formed with v¼−1.25 V and v¼−2.0 V respectively are
shown in Fig. 4. It can be seen from Fig. 4a and b that the CoNinanowires and nanotubes exhibit magnetic anisotropy with the
easy magnetization direction parallel to the long axis of the
nanowires and nanotubes. This can be attributed to the strong
shape anisotropy of the nanostructures. Note that, two distinct
Fig. 5. Hysteresis loops of CoNi nanotubes with applied potential: (a) −1.5 V and (b) −2.5 V.
Fig. 6. Schematic diagram of vortex wall conﬁguration in CoNi nanotubes: (a) CW alone existence, (b) CCW alone existence, and (c) coexistence of both CW and CCW.
Fig. 7. Schematic diagram of location relationship between in plane ﬁeld and
vertical Bloch line.
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seen from the ﬁgures that hysteresis loops of the CoNi nanowires
are continuous, while those of the nanotubes are discontinuous. To
conﬁrm this conclusion, we investigated the hysteresis loops of
CoNi nanotubes formed at other applied potentials, v¼−1.5 V and
v¼−2.5 V (shown in Fig. 5). It can be concluded from Figs. 4d and 5
that the hysteresis loops for CoNi nanotubes have similar char-
acteristics: (1) they are discontinuous; (2) the ΔH in each hyster-
esis loops has similar value about 173 Oe. In the following, we will
take the nanotubes formed with v¼−2.0 V as an example to
discuss the reversal process in CoNi nanotubes.
The insert of Fig. 4d shows an ampliﬁcation of the magnetic
moment dependence on the ﬁeld in the discontinuous interval
from Hs1 (1594 Oe) to Hs2 (1767 Oe). It can be seen that a ﬁeld
range exists, ΔH＝Hs2−Hs1＝173 Oe, over which the magnetic
moment remains constant during the reversal process. This
suggests that some peculiar magnetic conﬁguration remaining
stably in a certain ﬁeld range exists in the CoNi nanotubes. Once
the conﬁguration is formed, it will be hard to magnetize, which
lead to the hysteresis loops discontinue in the corresponding
ﬁeld range.
The existence of vortex conﬁguration in magnetic nanotubes
with a high aspect ratio has been reported in recent years
[3,12,13]. When the applied ﬁeld is perpendicular to the long axis
of CoNi nanotubes, the distribution of magnetic moments takes on
vortex state and corresponds to curling mode [14]. The magnetiza-
tion conﬁguration of the vortex wall in CoNi nanotubes is
schematically presented in Fig. 6. As shown in Fig. 6a–c, the vortex
state in CoNi nanotube has two possible chiralities: counterclock-
wise (CCW) and clockwise (CW), the CCW and CW vortex states
may exist separately or coexist in one vortex wall. In the latter
situation, a peculiar conﬁguration will take place in the rangewhere CCW and CW vortexes meet or detach. The conﬁguration is
similar to Bloch line researched previous [15–17]. We also called it
Bloch line. Malozemoff et al. reported that a plane ﬁeld needed for
a single vertical Bloch line magnetization reversal is 8Ms if the
external in plane ﬁeld exerted on magnetic bubble material is
inversely parallel to the vertical Bloch line [18] (shown in Fig. 7).
According to the following equation:
Ms ¼ Mπðr21−r22Þhn
where h and n are the height and number of the nanotubes; r1 and
r2 are the inner and outer radius of the nanotubes. We can obtain
that Ms≈230 emu/cm3 for our CoNi nanotubes with the applied
potential −2.0 V. In addition, Hs2≈1700 Oe which is obtained from
Fig. 4d. Therefore 8Ms¼1840≈Hs2. This is in good agreement with
the above theory of Bloch line. It suggests that the peculiar
conﬁguration in CoNi nanotubes may be vertical Bloch line (shown
in Fig. 6c). Of course, the relationship between 8Ms and Hs2 may
vary with the location of vertical Bloch line in CoNi nanotubes
when the applied ﬁeld perpendicular (⊥) or parallel (∥) to the long
axis of the nanotubes. But the reversal process of these vertical
Bloch line is similar. It accounts for the discontinuous interval
H.-m. Zhang et al. / Journal of Magnetism and Magnetic Materials 342 (2013) 69–73 73appearing at low applied ﬁeld (Fig. 4d) and that appearing in
hysteresis loops with the external ﬁeld parallel to the nanotubes.
During the reversal process, when HoHs1 or H4Hs2 (Fig. 4d
insert), the CCW or CW vortexes can be instantly broken up as the
external ﬁeld increases, so that the hysteresis loops are continuous
over these range. But the broken up of the vertical Bloch line is
very hard. It can remain stable in the reversal ﬁeld range,
Hs1oHoHs2. Once the H increases to Hs2, the vertical Bloch line
instantly disappears. This give rise to the discontinuity of the
hysteresis loops of CoNi nanotubes.4. Conclusions
CoNi nanotubes and nanowires were fabricated using AAO
templates by a dc electrodeposition method. The results show
that having v≤vc is a prerequisite for the fabrication of CoNi
nanotubes. The results of magnetic measurements show that
hysteresis loops of the CoNi nanotubes are discontinuous. Theore-
tical calculation indicates that 8Ms≈Hs2, which suggests that the
existence of vertical Bloch line is possible in CoNi nanotubes. The
vertical Bloch line may be responsible for the discontinuity of the
hysteresis loops.Acknowledgments
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